S5a/Rpn10 is a ubiquitin (Ub)-binding protein that is a subunit of the 26S proteasome but also exists free in the cytosol. It binds poly-Ub chains through its two Ub-interacting motifs (UIMs). We discovered that, unlike typical substrates of Ub ligases (E3s), S5a can be ubiquitinated by all E3s tested including multimeric and monomeric Ring finger E3s (MuRF1, Siah2, Parkin, APC, and SCF ␤TRCP1 ), the U-box E3, CHIP, and HECT domain E3s (E6AP and Nedd4) when assayed with UbcH5 or related Ub-conjugating enzymes. However, the E2s, UbcH1 and UbcH13/Uev1a, which function by distinct mechanisms, do not support S5a ubiquitination. Thus, S5a can be used for assay of probably all E3s with UbcH5. Ubiquitination of S5a results from its binding to Ub chains on the E3 (after self-ubiquitination) or on the substrate, as a mutant lacking the UIM domain was not ubiquitinated. Furthermore, if the S5a UIM domains were fused to GST, the protein was rapidly ubiquitinated by MuRF1 and CHIP. In addition, polyubiquitination (but not monoubiquitination) of MuRF1 allowed S5a to bind to MuRF1 and accelerated S5a ubiquitination. This tendency of S5a to associate with the growing Ub chain can explain how S5a, unlike typical substrates, which are recognized by certain E3s through specific motifs, is ubiquitinated by all E3s tested and is rapidly degraded in vivo.
In eukaryotes, ubiquitination of proteins plays a key role in the regulation of many cellular processes ranging from cell cycle and antigen presentation to gene transcription (1, 2) . A primary biochemical function of ubiquitination is to serve as a substrate recognition mechanism that targets specific proteins for degradation by the 26S proteasome. This large complex degrades most cellular proteins in an ATP hydrolysis-dependent manner (1) . Ubiquitination of protein requires the sequential action of three types of enzymes. First, the Ub-activating enzyme (E1) 3 activates the ubiquitin (Ub) in an ATP-dependent reaction and forms a thioester bond between the C-terminal carboxyl group of the Ub and a cysteine on the E1. The activated Ub is then transferred to a cysteine residue on a Ub-conjugating enzyme (E2), and finally, a Ub-protein ligase (E3) facilitates formation of an isopeptide linkage between the C terminus of the Ub and a lysine residue on the substrate or on the preceding Ub (3).
In the final step, the Ub ligase (E3) binds both the substrate and the UbϳE2 thioester and thus determines which substrate is ubiquitinated. E3s can be classified into two types based on their mechanism of transferring Ub to the substrate. One type, which comprises most E3s, contains a Ring motif (or the related U-box motif) and facilitates transfer of the activated Ub directly from the E2 to the substrate (3) . The second type contains a HECT domain, which forms a thioester intermediate with Ub and then transfers the Ub to the substrate (3) . Eukaryotic cells contain a large number of different E3s (probably hundreds), and each E3 is believed to recognize only a limited number of proteins as substrates (1) . In most cases the E3 recognizes a specific structure or amino acid sequence in the substrate (often termed the "degron") (3) . For example, the "N-end rule" E3, Ubr-1, recognizes particular types of amino acids at the N terminus of the substrates (4), whereas the E3 SCF Cdc4 complex recognizes a specific phosphorylated amino acid sequence in its substrate, Sic1 (5) .
Cells contain a variety of proteins that non-covalently bind Ub or Ub chains through several distinct Ub binding domains (6) . Many of these proteins have been reported to become ubiquitinated in cells or in vitro, and deletion or mutation of Ub binding domains abolishes their ubiquitination (6 -10) . Interestingly, ubiquitination of some of these proteins reportedly blocks their binding to other ubiquitinated proteins and seems to reduce the activities of these Ub-binding proteins (9, 11) . However, despite an increasing number of reports about ubiquitination of Ub-binding proteins, only a few studies have identified E2s and E3s responsible for this process (8, 12) , and the mechanisms for their ubiquitination remain uncertain.
S5a/Rpn10 is a major Ub-binding protein that binds preferentially to poly-Ub chains (13) . It is found as a subunit of the 26S proteasome, but unlike other proteasome subunits, S5a exists predominantly as a free protein in the cytosol (i.e. not incorporated into the proteasome) (14, 15) . S5a contains two stretches of about 15 amino acids called the ubiquitin interacting motif (UIM) which is responsible for its affinity for the Ub chains (16, 17) . In yeast, the homolog of S5a, Rpn10, is required for degradation of a subset of cellular proteins by the proteasome (14, 18 -20) . While investigating how the presence of free S5a affects ubiquitination of typical substrates of E3s, we observed that S5a can be ubiquitinated by two very different E3s (MuRF1 and CHIP) with the E2, UbcH5. Because a substrate is usually ubiquitinated by only a particular E3 and because these two enzymes recognize substrates by distinct mechanisms, this observation suggests that S5a interacts with E3s in an atypical manner. The present study demonstrates systematically that a large variety of E3s, which differ widely in enzymatic mechanism, size, structure, and specificity, can ubiquitinate S5a provided they function with UbcH5 and related E2s. S5a, thus, can be considered as a new type of substrate that is ubiquitinated by a novel mechanism involving the association of S5a with growing poly-Ub chains.
EXPERIMENTAL PROCEDURES
Plasmids-The bacterial expression plasmids for His 10 -S5a and its mutants (16) . The GST fusion UIM domain of S5a, MJD1, KIAA1594, KIAA1386, Eps15, and Epsin were subcloned from yellow fluorescent protein-UIMs (7). Expression plasmids for His 6 -Parkin and GST-Mdm2 were generated by using cDNAs inserted into pGEX-6X expression plasmids.
Expression and Purification of Proteins-Most proteins were expressed in Escherichia coli (BL21(DE3)STAR) by induction with 0.2 mM isopropyl 1-thio-␤-D-galactopyranoside at 16 or 25°C for 14 h. Cells were lysed in phosphate-buffered saline with a French press, and the crude lysate was cleared by centrifugation at 100,000 ϫ g for 1 h. All GST fusion proteins were purified using glutathione 4B-Sepharose (GE Healthcare), and all His-tagged proteins were purified using nickel-nitrilotriacetic acid-agarose (Qiagen). His 6 -E1 was purified with Ub-agarose (Sigma) in lysis buffer (50 mM Tris-Cl, pH 7.5, 1 mM dithiothreitol, 5 mM MgCl 2 , 20 mM KCl, and 2 mM ATP). UbcH5 was purified with Ub-agarose in lysis buffer containing 10 nM E1. The SCF ␤TRCP1 complex was purified from SF9 insect cells expressing His-Cul1, myc-Rbx1, myc-Skp1, and FLAG-␤TRCP1 isolated as previously described (25) . APC Cdc20 was immunoprecipitated from Xenopus oocytes, as described by Kirkpatrick et al. (26) .
Radiolabeling of S5a-To radiolabel S5a by 125 I, 150 l of 70 M purified His 10 -S5a in phosphate-buffered saline was first incubated with IODO-BEADS (Pierce) for 5 min at room temperature. Then 250 l of 0.5 mCi of 125 I in phosphate-buffered saline was added, and the mixture was incubated for an additional 10 min at room temperature. Free iodine was removed with a PD10 desalting column (GE Healthcare). To metabolically label S5a, His 10 -S5a was expressed in E. coli (BL21(DE3)STAR) in media containing [ 35 S]methionine, and the 35 S-labeled S5a was purified with a nickel-nitrilotriacetic acid column as described above.
Ubiquitination Assays-To assay the ubiquitination of S5a, 400 nM His 10 -S5a was incubated at 37°C for 30 -60 min with 20 nM E1, 350 -700 nM E2, 150 -700 nM E3, and 58 M Ub in conjugation buffer A (20 mM Tris-Cl, pH 7.5, 20 mM KCl, 5 mM MgCl 2 , 2 mM ATP, and 1 mM dithiothreitol). The same procedure was performed for the ubiquitination of GST-UIMs. To ubiquitinate S5a by SCF
␤TRCP1
, 200 nM His 10 -S5a was incubated at 30°C for 60 min with 230 nM E1, 1.5 M UbcH5c, 58 M Ub, 1 M Ub-aldehyde, 6 nM SCF ␤TRCP1 , 12 nM Nedd8, 6 nM UbcH12, and 6 nM Nedd8-activating enzyme in conjugation buffer A supplemented with 5 mM NaF, 20 mM creatine phosphate, and 5 M creatine kinase. To measure ubiquitination of S5a by Parkin, 200 nM His 10 -S5a was incubated at 37°C for 30 -60 min with 400 nM E1, 5 M UbcH7, 1.4 M Parkin, and 200 M Ub in conjugation buffer B (50 mM HEPES-KCl, pH 8.8, 50 mM NaCl, 10 mM MgCl 2 , 1 mM ATP). To study ubiquitination of S5a by Mdm2, 1 M of His 10 -S5a was incubated at 37°C for 30 -60 min with 400 nM E1, 5 M UbcH5c, 900 nM GSTMdm2, and 200 M Ub in the conjugation buffer B. To measure ubiquitination of troponin I, 400 nM troponin I was incubated at 37°C for 30 -120 min with 20 nM E1, 350 nM E2, 150 nM GSTMuRF1, and 58 M Ub in conjugation buffer A. Ubiquitination of S5a by APC was assayed as described by Kirkpatrick et al. (26) . Ubiquitinated proteins were analyzed by SDS-PAGE followed by autoradiography or immunoblotting using specific antibodies.
Binding of S5a to Immobilized MuRF1-GST-MuRF1 from 1 liter of E. coli culture was immobilized on 400 l (bed volume) of glutathione resin and washed with phosphate-buffered saline. The resin was equilibrated with conjugation buffer A. Then E1 was added to reach final concentrations of 20 nM, 350 nM UbcH5c, 58 M Ub, and 2 mM ATP. The mixture was incubated at 37°C for 1 h with gentle rotation. A control sample was incubated in the same manner without E1, UbcH5c, or Ub. After incubation, the resin was washed 3 times with 40 bed volumes of Ub binding buffer (25 mM HEPES-KCl, pH 7.0, 125 mM potassium acetate, 5 mM EGTA, 0.5% (v/v) Triton X-100, and 1 mM dithiothreitol). The resin was then equilibrated with Ub binding buffer containing 1 mg/ml bovine serum albumin. 5 l of the resin was mixed with 125 I-S5a at a final concentration of 400 nM and rotated at 4°C for 2 h. The resin was then transferred to a spin column (Bio-Rad) and washed twice with 500 l of Ub binding buffer. The bound proteins were eluted with SDS-PAGE sample loading buffer, and the radioactive 125 I-S5a in the eluate was measured using a gamma counter.
A similar experiment was performed under conditions where GST-MuRF1 and S5a were ubiquitinated in the same test tube. GST-MuRF1 immobilized on the glutathione resin was prepared as above, and 125 I-S5a (400 nM) was added to reach final concentrations of 20 nM E1, 350 nM UbcH5c, 58 M Ub, and 2 mM ATP. In the control reaction, Ub was not included in the mixture. The mixtures were rotated at 37°C, and aliquots were taken every 15 min. The resin was washed, and the bound S5a was measured as described above.
Mass Spectrometry Analysis-His 10 -S5a was ubiquitinated by GST-MuRF1 or GST-E6AP as described above. The sample was resolved on SDS-PAGE and visualized with Coomassie Blue. The upper portion of the gel, corresponding to ubiquitinated S5a, was excised and subjected to in-gel trypsin digestion. The tryptic peptides were extracted from the gel and analyzed by liquid chromatography MS/MS. Peptides were separated across a 50-min gradient ranging from 7 to 30% (v/v) acetonitrile in 0.1% (v/v) trifluoroacetic acid in a microcapillary (125 m ϫ 18 cm) column packed with C 18 reverse-phase material (Magic C18AQ, 5-m particles, 200-Å pore size, Michrom Bioresources) and analyzed on-line on a hybrid linear ion trap-Orbitrap mass spectrometer (LTQ-Orbitrap, ThermoElectron). For each cycle, one full MS scan acquired on the Orbitrap at high mass resolution was followed by 10 MS/MS spectra on the linear ion trap from the 10 most abundant ions. MS/MS spectra were searched using the Sequest algorithm against the human IPI protein data base. Dynamic modifications of 114.0429275 Da on lysine was allowed for ubiquitination. All peptide matches were initially filtered based on enzyme specificity, mass measurement error, Xcorr and dCorr scores and further manually validated for peptide identification and site localization.
RESULTS

All E3s
Tested Can Ubiquitinate S5a-During recent studies, we observed that S5a was rapidly ubiquitinated by the E2, UbcH5, functioning with two different ubiquitin ligases, the muscle specific Ring finger E3, MuRF1, which is induced in atrophying muscles (27) , and the U-box E3, CHIP, which ubiquitinates unfolded proteins bound to Hsp70 (28, 29) . We, therefore, speculated that S5a, unlike typical substrates, can be ubiquitinated by many different types of E3s. To test this possibility, we initially examined whether S5a could be a substrate of the E2, UbcH5, with several types of monomeric Ring E3s, including MuRF1, Siah2 (which is involved in apoptosis induced by tumor necrosis factor ␣ (21)), and Mdm2 (which catalyzes the degradation of p53 (30)) (Fig. 1) . We also examined its ubiquitination by an oligomeric Ring E3, SCF ␤TRCP1 (which catalyzes the degradation of various phosphoproteins including I-B␣ and ␤-catenin (31)), a U-box E3, CHIP, and the HECT domain E3s, E6AP (which is responsible for degradation of p53 upon infection by human papillomaviruses (32)) and Nedd4 (which is involved in endocytosis of membrane proteins (33)) ( Fig. 1) . Ubiquitination of S5a and its detection were performed as described under "Experimental Procedures." In a typical reaction with MuRF1, S5a (400 nM) was incubated with MuRF1 (700 nM), E1 (20 nM), UbcH5 (700 nM), Ub (58 M), and ATP (2 mM). All these E3s formed long Ub chains on S5a with UbcH5, and no ubiquitination was observed without an E3 added. Furthermore, to demonstrate that S5a is also ubiquitinated when it is in molar excess over E3, we performed the ubiquitination reaction with 2000 nM S5a and 400, 200, or 100 nM GST-MuRF1. Even at 100 nM GST-MuRF1, the majority of S5a in the reaction mixture was ubiquitinated within 1 h (supplemental Fig. S2 ). This finding indicates that during these reactions MuRF1 (and presumably other E3s) ubiquitinates S5a in a catalytic (not a stoichiometric) manner.
It is noteworthy that ubiquitination of S5a by CHIP does not require the presence of a molecular chaperone for substrate recognition (Fig. 2) . Typical substrates of CHIP are proteins recognized and bound to the molecular chaperones Hsp70 or Hsp90 (28) . Accordingly, CHIP ubiquitinates the model substrate, luciferase, only when it is denatured and bound to Hsp70 (Fig. 2) . By contrast, in the absence of chaperones, CHIP ubiquitinates itself, which seems to be important in the ubiquitination of S5a without Hsp70 or Hsp90 present (see below).
Ubiquitination of S5a
Results from Binding to the Growing Ub Chain-These findings raised the possibility that S5a is promiscuously ubiquitinated by many E3s because of a mechanism that does not require a substrate recognition site of E3. Several studies have reported the ubiquitination of Ub-binding proteins in vivo, which has been proposed to occur because of their high affinity for Ub, as deletion or mutation in their Ub binding domains diminishes their ubiquitination in vivo (7, 11, 34, 35) and in vitro (10, 36) . Therefore, we tested systematically if the ubiquitination of S5a by various E3s requires the UIMs using mutant S5a in which the critical hydrophobic residues within the UIM1 and/or UIM2 region are replaced with alanines (16 Ubiquitination by U-box FIGURE 1. S5a can be ubiquitinated by various types of E3s with UbcH5. His 10 -S5a was incubated with various types of E3s for 60min as described under "Experimental Procedures." A, ubiquitination by MuRF1 requires E1, E2, Ub, and ATP. S5a was probed by immunoblotting using an anti-His 6 antibody. B, Siah2, MuRF1, CHIP, E6AP, and Nedd4 can all polyubiquitinate S5a. 35 SLabeled S5a (700cpm/pmol) was detected by autoradiography. C, ubiquitination of S5a by SCF ␤TRCP1 was assayed by immunoblotting using an anti-S5a antibody. D, ubiquitination of S5a by GST-MDM2 was assayed by immunoblotting with an anti-S5a antibody.
S5a Is a Substrate of Nearly All Ubiquitin Ligases
plemental Fig. S1 and Ref. 16 ). Mutations in both the UIM1 and UIM2 domains of S5a abolished ubiquitination of S5a by MuRF1, CHIP, and E6AP, with UbcH5 as the E2 (Fig. 3 and  supplemental Fig. S1 ). However, S5a lacking just one functional UIM (UIM1 or UIM2) domain was still rapidly ubiquitinated. Thus, UIMs are required for the ubiquitination of S5a, but either of these UIMs is sufficient to allow S5a ubiquitination (Fig. 3, supplemental Fig. S1 ).
To test whether the UIM regions of S5a are sufficient to promote ubiquitination of a protein, we assayed ubiquitination of GST fused at its C terminus to residues 203-329 of S5a that contain both UIM1 and UIM2. This fusion protein, GST-UIM S5a , was rapidly ubiquitinated by MuRF1 or CHIP with UbcH5, whereas GST without the UIM was not ubiquitinated (Fig. 4) . To determine whether the UIM of S5a is unique in this regard, we also assayed the ubiquitination of GST fusion proteins containing UIMs of various other proteins (EPSIN, Eps15, MJD1, KIAA1594, or KIAA1386). These GST fusions were all ubiquitinated by GST-MuRF1 with UbcH5 (Fig. 4A) . Also, His 6 -CHIP with UbcH5 ubiquitinated all these GST fusions, but not GST itself, and did so even in the absence of a molecular chaperone (Fig. 4B ). Because these two E3s have very different specificities for substrates and CHIP does not directly bind substrates, these UIM proteins must function as substrates due to their tendency to bind to Ub chains. Accordingly, all these GST fusions bound to free poly-Ub chains (not attached to a protein substrate) containing 2-7 Ub molecules (supplemental Fig. S1 ).
Self-ubiquitination of MuRF1 Specifically Accelerated the Ubiquitination of S5a-These observations make it very likely that binding to the growing Ub chains on the E3s or on the substrate proteins leads to the ubiquitination of the UIM proteins. To determine whether this self-ubiquitination of a E3 promotes the ubiquitination of S5a, MuRF1 was first incubated with E1, UbcH5, Ub, and ATP for 25 min to allow self-ubiquitination of MuRF1, and then S5a was added to the reaction. In a control reaction, MuRF1 was first incubated with E1, UbcH5, and ATP but without Ub, and then the capacity to ubiquitinate S5a was assayed by adding S5a and Ub. The ubiquitination of S5a was significantly faster when MuRF1 had been preubiquitinated before the addition of S5a (Fig. 5A ). For example, ubiquitination of S5a by ubiquitinated MuRF1 was clearly evident 4 min after S5a addition, whereas in the reaction with control MuRF1, ubiquitination of S5a was not observed until 8 min.
In contrast to S5a, troponin I was ubiquitinated more slowly by self-ubiquitinated MuRF1 than by unmodified MuRF1 (Fig.   FIGURE 2 . S5a ubiquitination by CHIP does not require Hsp70 unlike ubiquitination of a typical substrate, denatured luciferase. 200 nM His 10 -S5a or luciferase were ubiquitinated in the presence or absence of 200 nM Hsp70 for 60 min (before the ubiquitination reaction, 2 M luciferase was denatured by preincubation with 2 M Hsp70 at 43°C for 10 min). S5a was ubiquitinated by CHIP even in the absence of Hsp70 or without heat-denaturation, whereas luciferase was ubiquitinated only in the presence of Hsp70. Ubiquitination of S5a and luciferase was assayed by immunoblotting with an anti-His 6 or antiluciferase antibody, respectively. The asterisk indicates that the anti-luciferase antibody cross-reacted with GST-MuRF1. FIGURE 3. The rapid ubiquitination of S5a by MuRF1 or E6AP requires its UIM domains. His 10 -S5a and the mutants, which lack hydrophobic residues in either or both UIM domains (16), were incubated with MuRF1 (A) or E6AP (B) and UbcH5 for 60 min. S5a was probed by immunoblotting using an anti-His 6 antibody. The asterisk shows His 6 -E1 present in the reaction. 5B). Ubiquitination of a typical substrate, thus, does not require and seems to be rather reduced by the presence of Ub chains on the E3. Furthermore, the self-ubiquitination of MuRF1 appeared to precede the ubiquitination of S5a in the control reaction, whereas S5a ubiquitination was slow in onset but accelerated later when MuRF1 had been self-ubiquitinated (Fig.  5A) . By contrast, ubiquitination of troponin I and of MuRF1 appeared to start simultaneously (Fig. 5B) (Fig. 6A ). In addition, as MuRF1 was being ubiquitinated (i.e. during incubation of immobilized GST-MuRF1 with 125 I-S5a, E1, UbcH5, Ub, and ATP), the binding of 125 I-S5a to the immobilized MuRF1 increased markedly with time (Fig.  6B) . However, when ubiquitination was prevented by omission of Ub, no binding of S5a occurred with time.
S5a has a high affinity for poly-Ub chains but only a low affinity for monoubiquitinated proteins (37) . To test if monoubiquitination of the E3s is sufficient to cause ubiquitination of S5a, we assayed ubiquitination of S5a using methylated Ub (MeUb) in place of Ub to prevent formation of poly-Ub chains.
Although troponin I and MuRF1 were monoubiquitinated with MeUb, no ubiquitination of S5a with MeUb by MuRF1 and UbcH5 was observed (Fig. 7A) . To confirm that this result was because of a low affinity of S5a for monoubiquitinated MuRF1, we tested whether polyubiquitinated GST-MuRF1 can ubiquitinate S5a with MeUb. After self-ubiquitination of GST-MuRF1 and removal of unconjugated Ub from the reaction mixture, S5a was added with MeUb, E1, E2, and ATP. As expected, MeUb was conjugated to S5a when MuRF1 was polyubiquitinated before the reaction with MeUb (Fig. 7B, lane 8 . The attachments of a UIM domain from various UIM proteins to GST is sufficient to cause its ubiquitination by multiple E3s. GST or GST fused with UIM domains from S5a, Eps15, EPSIN, MJD1, KIAA1594, or KIAA1386 were subjected to ubiquitination by MuRF1 (A) or CHIP in the absence of molecular chaperones (B) with UbcH5 for 60 min. Ubiquitination of GST-UIMs was assayed by immunoblotting using an anti-GST antibody.
FIGURE 5. Self-ubiquitination of MuRF1 with UbcH5 accelerates ubiquitination of S5a but inhibits ubiquitination of troponin I. A, GST-MuRF1 was first self-ubiquitinated by incubation with UbcH5, ATP, E1, and E2 at 37°C for 25 min, and then S5a was added. For comparison, MuRF1 with E1 and UbcH5 was incubated first without Ub, and then S5a and Ub were added to the reaction mixture. GST-MuRF1 (i) in the reaction was assayed using an anti-GST antibody and S5a (ii) with an anti His 6 antibody. The asterisk shows His 6 -E1 present in the reaction. iii, unmodified S5a was quantified by densitometric analysis of the immunoblot image shown in Aii. B, a similar experiment was conducted with troponin I (TnI) in place of S5a, and GST-MuRF1 (i) or troponin I (ii) was probed by immunoblotting using an anti-GST or an anti-troponin I antibody respectively. iii, unmodified troponin I was quantified by densitometric analysis of the immunoblot image shown in Bii.
test whether other Class I E2s can also support ubiquitination of S5a, we assayed the ubiquitination of S5a with UbcH7 and the E3s, Nedd4, or Parkin. With either of these E3s, UbcH7 supported ubiquitination of S5a (Fig. 8, A and B) . In addition, another Class I E2, Ubc4, a close homolog of UbcH5, supported ubiquitination of S5a by the APC, a multimeric Ring finger E3 responsible for cell cycle progression through mitosis (39) (Fig.  8C) . Thus, multiple Class I E2s can support ubiquitination of S5a by various types of E3s (Table 1) .
In addition, we tested whether two very different types of E2s, UbcH1 and UbcH13, can support ubiquitination of S5a. UbcH1 belongs to the Class II family of E2s, which are characterized by a C-terminal Ub-associated (UBA) domain (40) . UbcH13 functions as a heterodimer with its non-catalytic homologous protein, Uev1a, which contains Ub binding sites (41) . Unlike UbcH5, which forms Ub chains containing all possible isopeptide linkages (29), UbcH1 with a Ring finger E3 synthesizes processively Ub chains containing homogeneous Lys-48 isopeptide linkages, whereasUbcH13/Uev1a forms homogeneous Lys-63 chains (29) . We used MuRF1 as the E3 as it functions with all these E2s to ubiquitinate one of its typical substrates, troponin I (29) . Unlike UbcH5, neither UbcH1 nor UbcH13 supported ubiquitination of S5a by MuRF1 (Fig. 9A and Table  1 ) even though these E2s did support ubiquitination of troponin I (Fig. 9B) . These findings provide further evidence that the mechanisms for ubiquitination of a typical substrate and for S5a must differ.
In the absence of a distinct substrate, ubiquitination of S5a seems to require the self-ubiquitination of the E3 after which S5a binds to the ubiquitinated E3. Because self-ubiquitination of E3 appeared to be a prerequisite for ubiquitination of S5a, we tested if UbcH1 and UbcH13/Uev1a can support self-ubiquitination of MuRF1. As shown in supplemental Fig. S5A , UbcH1 can support self-ubiquitination of MuRF1, but UbcH13/Uev1a cannot do so. Thus, the failure of UbcH13/Uevla to support S5a ubiquitination may be because of its inability to catalyze autoubiquitination of the E3, but this explanation cannot apply to UbcH1. We then tested whether UbcH1 or UbcH13/Uevla could catalyze ubiquitination of S5a if MuRF1 was first selfubiquitinated with UbcH5, so that the S5a had a Ub chain on the E3 to which it could bind. Under these conditions neither of these E2s allowed ubiquitination of S5a (supplemental Fig.  S5B) . Therefore, the inability of UbcH1 and UbcH13/Uevla to support S5a ubiquitination is most likely because of their distinct catalytic mechanisms, which differs from that of the UbcH5 family (see below).
The Same Sites on S5a Are Ubiquitinated by Two Different Types of E3s-As demonstrated above, various types of E3s (e.g. Ring finger and HECT domain E3s) ubiquitinate S5a when functioning together with UbcH5 or other Class I E2s. This result was surprising as they function by very different mechanisms; for example, the monomeric Ring finger E3s facilitate a direct transfer of an activated Ub from UbϳE2 thioester to any lysine on the preceding ubiquitin, whereas the HECT domain E3s form an intermediate Ub thioester before the activated Ub is transferred to either Lys-48 or Lys-63 on the preceding Ub. Because of this difference in conjugation mechanism, we expected that these enzymes would ubiquitinate S5a at very A, GST-MuRF1 was immobilized on a glutathione resin and allowed to selfubiquitinate for 30 min by incubation with UbcH5. The resulting Ub n -GSTMuRF1, GST-MuRF1 (unmodified), and GST on the glutathione resin were then incubated with 125 I-labeled S5a (7500 cpm/pmol). i, S5a bound to the resin was measured using a gamma counter (the data represent averages of three replicates, and the error bar represents S.E.). ii, autoradiograph of the samples corresponding to Ai. iii, self-ubiquitination of the immobilized GST-MuRF1 corresponding to Ai is shown by immunoblotting with an anti-GST antibody.
B,
125 I-labeled S5a was incubated with E1, UbcH5, ATP, Ub, and GST-MuRF1 immobilized on glutathione resin. Aliquots were taken at different times, and radioactivity bound to the resin was analyzed by gamma counting (i) or autoradiography (ii). iii, self-ubiquitination of GST-MuRF1 in the same aliquots is shown by immunoblotting using an anti-GST antibody. As a control, the same procedure was performed with the reaction mixture lacking Ub. different sites. Therefore, after incubation of S5a with UbcH5 and MuRF1 or E6AP, we identified the ubiquitinated lysine residues on S5a using mass spectrometry.
Both E3s ubiquitinated S5a at multiple sites that are located at distant sites from one another. Surprisingly, the same four Lys residues on S5a, Lys-74, Lys-122, Lys-262, and Lys-365 were ubiquitinated by MuRF1 and E6AP (Fig. 10) . Two of the common ubiquitination sites, Lys-74 and Lys-122, are located within the S5a von Willebrand factor A domain. Another common site, Lys-262, is located between UIM1 and UIM2, and the last, Lys-365, is located close to the C terminus. Two additional lysines, Lys-126 and Lys-122, were ubiquitinated only by E6AP. In repeated experiments with these E3s, we identified more than 30 peptides from S5a that accounted for 70 -80% of its 24 lysines. Although some peptides and lysines were never recovered, these data indicate that these very different E3s ubiquitinate a similar set of Lys residues on S5a.
DISCUSSION
Ubiquitin ligases are highly specific enzymes that ubiquitinate a small number of proteins by recognizing specific structural features of their substrates, such as the presence of N-terminal basic amino acids (42) , or short sequences containing phosphoserines (43) or hydroxyproline residues (44) . Nevertheless, we demonstrated here that a large variety of ligases, including monomeric Ring finger E3s (MuRF1, Mdm2, Siah2, Parkin), large multimeric Ring finger E3s (SCF and APC), the U-box E3, CHIP, and the HECT domain E3s (E6AP and Nedd4), can all ubiquitinate S5a. The narrow substrate specificities of these E3s are well documented. For example, we have confirmed that CHIP does not ubiquitinate native globular proteins (e.g. luciferase) but does so after heat denaturation provided Hsp70 was present (28) . Also as reported previously (27) , MuRF1 was found to ubiquitinate troponin I, but it could not ubiquitinate a variety of control proteins (e.g. GST, ovalbumin, luciferase). Because all E3s tested ubiquitinated S5a when functioning with UbcH5 (or a closely related class I E2), modification of S5a appears to be a universal property of Ub ligases. Moreover, because S5 is an abundant intracellular protein, ubiquitination of S5a (through its UIM domains) probably occurs in vivo (see below). In fact, a yellow fluorescent protein fused with the UIM regions of S5a was previously shown to be ubiquitinated in cultured mammalian cells (7) .
The ability of virtually all E3s together with UbcH5 to ubiquitinate S5a and GST-UIM S5a suggests that this molecule may B, to test if S5a can be conjugated to MeUb when MuRF1 is polyubiquitinated, GST-MuRF1 immobilized on the glutathione resin was first polyubiquitinated by incubation with E1, UbcH5, Ub, and ATP at 37°C for 30 min. As a control, the immobilized GST-MuRF1 was preincubated similarly but without E1 and E2. The resin containing GST-MuRF1 was washed extensively and then incubated with S5a, E1, UbcH5, ATP, and MeUb at 37°C for 60 min (lanes 4 and 8) . No Ub was added to a set of reaction mixtures (lanes 2 and 6) to show that the washing after the first incubation was complete. In parallel, Ub was added to another set of reaction mixtures (lanes 3 and 7) to confirm that the GST-MuRF1 retained its activity after the first incubation. The asterisk shows His 6 -E1 present in the reaction. FIGURE 8. Other Class I E2s, UbcH7, and Ubc4 can support ubiquitination of S5a. S5a was ubiquitinated as described in Fig. 1 using UbcH7 or Ubc4 as the E2 for 60 min. A, ubiquitination by Nedd4 with UbcH7. 125 I-Labeled S5a (7500 cpm/pmol) was detected by autoradiography. B, ubiquitination by Parkin with UbcH7. S5a was probed by immunoblotting using an anti-S5a antibody. C, ubiquitination by Xenopus APC with Ubc4. S5a was probed by immunoblotting using an anti-S5a antibody.
be useful as a universal substrate for the assay of ubiquitin ligases. Assay of these enzymes is often difficult because the substrates are unknown or not readily available. Although assaying self-ubiquitination of the E3 is a possible alternative approach, measuring Ub conjugation to S5a may offer several advantages. As shown here, ubiquitination of S5a is catalytic and, thus, is likely to allow more sensitive assays than stoichiometric self-ubiquitination. Also, measuring E3 selfubiquitination may require sensitive immunoassays, which may not be available, and such reagents are available for following S5a ubiquitination. Also for high throughput assays, it is most convenient to have a formatted general assay (e.g. with S5a) that is amenable for routine use.
The mechanism of S5a ubiquitination clearly differs from that of typical E3 substrates. For example, we found that CHIP ubiquitinates S5a without a molecular chaperone present (Fig.  2) . The high affinity of S5a for poly-Ub chains is critical for its ubiquitination by diverse E3s. For example, S5a binds to MuRF1 only after MuRF1 undergoes self-ubiquitination. Also, mutations in S5a UIM domains that abolish the binding of S5a to poly-Ub chains greatly reduce its ubiquitination by MuRF1, CHIP, and E6AP ( Fig. 3 and supplemental Fig. S1 ). Furthermore, GST-UIM S5a was rapidly ubiquitinated by MuRF1 and CHIP (Fig. 4) . Thus, the binding of a protein to a Ub chain on an E3 appears to be sufficient to make it a good substrate. Although S5a (or other UIM proteins) are ubiquitinated by various E3s, unlike typical substrates, S5a shows no inherent affinity for the unubiquitinated E3s.
In fact, in the absence of a substrate, formation of poly-Ub chains on the E3 seems to be required for (and must precede) the ubiquitination of S5a. Also, pre-ubiquitination of MuRF1 accelerated S5a ubiquitination. Together, these observations support our conclusion that S5a is ubiquitinated because it binds through its UIM domains to the growing poly-Ub chains on the E3s (during self-ubiquitination) (Fig. 6 ) or on the substrate bound to the E3. In the reaction, when S5a and the typical substrate, troponin I, were both present with MuRF1, S5a was also rapidly ubiquitinated (supplemental Fig. S4 ), and it reduced slightly the apparent size of the Ub chains on troponin I (data not shown) (presumably because of competition for Ub as S5a is ubiquitinated when it binds to the growing Ub chains on the substrate or on the E3s).
Another UIM protein, Eps15, which plays an important role in endocytosis, has been shown by Woelk et al. (10) to be monoubiquitinated by Nedd4 by a very similar mechanism to that proposed in Fig. 11 for S5a. This ubiquitination of Eps15 is a consequence of its binding to the self-ubiquitinated Nedd4 through the Eps15 UIM domain. In our study we found that S5a can be ubiquitinated by perhaps all E3s (when functioning with UbcH5 or a related E2), as would be expected if S5a ubiquitination is dependent on its binding to a ubiquitinated E3 or substrate (45) . At least in vitro it is possible that a large variety of E3s can also ubiquitinate Eps15. We showed that GST fused with UIM of several proteins (including Eps15) can be ubiquitinated by two different E3s, MuRF1 and CHIP (Fig. 4) . Therefore, not only S5a but also other UIM proteins (and perhaps other types of ubiquitin-binding proteins) can be ubiquitinated by several different E3s.
Alternatively, there might be an additional mechanism that allows only specific E3s to ubiquitinate Eps15 or other Ub-binding proteins in cells. For example, Eps15 is also ubiquitinated in cells by the Ring finger E3, Parkin, in a mechanism dependent on a direct binding of the Eps15 UIM to the Parkin Ub-like domain (46) . In such a case, the E3 should recognize specific structures in the Ub-binding proteins. Based on our data obtained using in vitro systems, we cannot exclude the latter possibility. Nevertheless, in cells Ub-binding proteins are likely to encounter and bind to self-ubiquitinated E3s as self-ubiquitination of several E3s has been reported in vivo (10, (47) (48) (49) . We also showed that ubiquitination of S5a is not an artifact that occurs only in the absence of other substrates. In fact, the presence of equimolar concentrations of the MuRF1 substrate, troponin I, did not reduce the rate of S5a ubiquitination (supplemental Yes Yes S4). Furthermore, S5a was ubiquitinated even in the presence of a 4-fold excess of troponin I (supplemental Fig. S4 ). It will be interesting to test if other types of Ub-binding proteins, such as Sts1 and Vps9, which contain UBA or CUE domains, are also ubiquitinated by a large variety of E3s, as most of these proteins have been shown to be ubiquitinated in cells (11) .
In the present experiments we never observed ubiquitination of S5a unless an E3 was present (Figs. 1 and 8) . However, recently Hoeller et al. (50) demonstrated that several Ub-binding proteins can be ubiquitinated by E1-E2 mixtures (including UbcH5 and UbcH7) even without an E3 present. Their ubiquitination results from their association with the highly reactive UbϳE2 thioester. A possible explanation of these opposite findings is that S5a, which has only a weak affinity for monomeric Ub (37), does not bind to a single UbϳE2 thioester sufficiently to allow its ubiquitination. Our finding that MeUb also does not support ubiquitination of S5a (unless the E3 is previously polyubiquitinated) demonstrates that S5a must first bind to a poly-Ub chain to be ubiquitinated.
Although UbcH1 and UbcH13/ Uev1a support ubiquitination of troponin I by MuRF1, these E2s do not support ubiquitination of S5a, unlike Class I E2s. One possible explanation for the inability of UbcH13 to support ubiquitination of S5a seems to be its inability to catalyze self-ubiquitination of E3. On the other hand, UbcH1 supported self-ubiquitination of MuRF1 but not S5a ubiquitination. The most likely explanation for the inability of UbcH1 and also UbcH13/ Uevla to ubiquitinate S5a is that these E2s (unlike UbcH5) conjugate Ub in a sterically specific manner. It is noteworthy that UbcH1 as well as UbcH13/Uev1a could not support ubiquitination of S5a even when MuRF1 was self-ubiquitinated before the addition of these E2s. Therefore, UbcH1 and UbcH13 do not simply conjugate Ub to proteins in their proximity. As shown previously, UbcH1 synthesizes homogeneous Ub chains containing only Lys-48 linkages, whereas UbcH13/Uev1a forms only Lys-63 chains (29) . In contrast, UbcH5 forms highly heterogeneous chains containing all seven types of isopeptide linkages as well as forked chains in which two Ub moieties are attached to the proximal Ub (29) . Our observations here and in a previous report by Kim et al. (29) agree with a recent report that self-ubiquitination of CHIP and ubiquitination of the chaperone, Hsp90, can be supported by UbcH5a but not by UbcH13/Uev1a (51) . Similarly, when functioning with APC, the Class I E2, Ubc4, conjugates Ub at multiple sites on the substrates (securin or cyclin B), whereas the Class II E2, Ubc1 (the yeast homolog of UbcH1), links a Ub to only one site (52) . Thus, the inability of UbcH1 and UbcH13/Uev1a, in contrast to UbcH5, to ubiquitinate S5a seems to be because of their distinct mechanisms of ubiquitination, which ensure that Ub is conjugated only to a specific Lys residue on the preceding Ub.
The tendency of Ring finger/U-box E3s with UbcH5 to form forked Ub chains composed of all possible isopeptide linkages (29) indicates that these UbcH5/E3 pairs conjugate Ub in a relatively nonspecific manner in which the activated Ub released by the E2 becomes covalently attached to any nearby Lys residue (51) . It seems quite likely that ubiquitination of S5a also occurs because of this nonspecific conjugation of the activated Ub from the E2. Elsewhere we will show that the presence of S5a during this ubiquitination reaction with UbcH5 prevents the formation of forked Ub chains on the substrate probably because the S5a on the growing Ub chain shields lysine residues on the proximal Ub from reacting with the Ub released from the FIGURE 10. MuRF1 and E6AP attach ubiquitins to the same four lysines in S5a. S5a was ubiquitinated by MuRF1 or E6AP, and the proteins in the sample were resolved on SDS-PAGE and digested by trypsin. The tryptic peptides were analyzed by liquid chromatography-MS/MS using a LTQ-Orbitrap hybrid mass spectrometer, and the ubiquitination sites were identified by searching a data base using SEQUEAST. An increase in the mass of the Lys residues by 114.0429275 Da was considered as the ubiquitination signature. Twenty (with MuRF1) or 17 (by E6AP) Lys residues of a total 24 Lys residues in S5a were identified. Four Lys residues (Lys-74, -122, -262, and -365) were ubiquitinated by both E3s. Two additional Lys residues (Lys-126 and -135) were ubiquitinated by E6AP. The data represent two independent experiments for each E3, which yielded similar results. S5a is released FIGURE 11 . The proposed mechanism of ubiquitination of S5a. S5a binds to growing Ub chain on the E3 and is ubiquitinated because of its proximity to the highly reactive Ub thioester. After multiple round of ubiquitination, S5a is supposedly released as our data (supplemental Fig. S2) showed that ubiquitination of S5a is a catalytic process.
E2
. 4 By contrast, the HECT domain E3s together with UbcH5 form homogeneous chains composed of a single type of isopeptide linkage (Lys-48 by E6AP and Lys-63 by Nedd4). Thus, these enzymes must transfer the activated Ub in a rather precise, stereo-specific manner (29) . Nevertheless, both E6AP and Nedd4 extensively ubiquitinated S5a, and E6AP ubiquitinates S5a at multiple Lys residues. This finding suggests that HECT domain E3s require a less specific orientation of the Ub-acceptor Lys residues in the substrate than in the proximal Ub during Ub chain synthesis. The mechanism of Ub conjugation to the substrate and that of Ub-chain elongation by the HECT domain E3s differ markedly. For example, the HECT domain E3s, E6AP and KIAA10, appear to pre-synthesize Ub chains before transferring them to their substrates (53) . Thus, chain synthesis and Ub conjugation to the substrate might be two distinct processes.
These observations suggest that Ub-chain formation by E3s involves two kinds of specificity that are dependent on types of the E2/E3 pairs; the first specificity defines the Lys residue of the substrate to which the first Ub is attached, and the second concerns the types of isopeptide linkages formed within the Ub chain. These two types of specificity may not necessarily correlate with each other. Accordingly, MuRF1 and E6AP, despite their contrasting mechanisms, conjugated multiple Ub residues to the same four sites on S5a. These findings further argue that the conjugation of the initial Ub to a substrate protein is quite a different process from the elongation of Ub chains.
The rapid ubiquitination of S5a by various E3s in vitro would predict that this protein, at least its free form present in the cytosol (not in the proteasome), would be rather short-lived. In fact, in yeast, the S5a homolog, Rpn10 (54) , is extensively ubiquitinated and rapidly degraded by the proteasome in vivo (54) , and in C2C12 (mouse) myoblasts we observed that S5a has a half-life of about 30 min (supplemental Fig. S3 ). The short halflife of S5a presumably is because of the presence of the UIM domain and reflects the ubiquitination of free S5a by many E3s. At first glance this rapid turnover would appear to be quite wasteful for the cell. Although ubiquitination of S5a may perhaps serve some important regulatory purpose, it seems more likely from the present findings to represent an untoward side effect of substrate ubiquitination that would require cells to continually synthesize and destroy (or deubiquitinate) S5a molecules.
